A Novel combustion application utilising waste tyre rubber (WTR) as a secondary fuel in pulverised coal power plants is presented. Co-combustion of a South African coal (SAf) with WTR at the fuel fractions (FF) 4.1%, 14.1% and 19.7% along with the pure firing of WTR was conducted in an 80 kWth combustion test facility (CTF). This study assessed the potential slagging and fouling behaviour of the resultant ashes produced from co-firing SAf/WTR and pure fired WTR. XRF and ICP/OES analysis of the co-fired SAf/WTR and pure fired WTR ashes revealed a high composition of acidic oxides. Based on the fusibility indices (B/A, RS, SR, F and Fu) it was determined that co-fired SAf/WTR and pure fired WTR ashes carry a low risk of slagging and fouling. ZnO is incorporated in the manufacturing of tyres as a compounding additive. ZnO is present within raw WTR, posing the question as to its fate during combustion. In this study ash collected and analysed from the pure fired WTR and co-fired SAf/WTR exhibited lower levels of Zn than anticipated. It is suggested that ZnO remains in the vapour phase within the CTF at temperatures >1200 o C. Experimental analysis found Zn enrichment at lower temperatures was not significant within the fly ash collected by the cyclone trap or ash deposits collected from the water cooled sections of the CTF. This suggests that Zn could be forming a submicron aerosol. It is further noted that ZnO/Zn is not likely to contribute significantly in the slagging/fouling mechanisms, due to its volatile nature. However this present study highlights the need for further experimental assessment of co-firing SAf/WTR required prior to any industrial application.
Introduction
It is reported that approximately 3.4 × 10 6 tonnes and 4.6 × 10 6 tonnes of waste tyre rubber (WTR) are annually produced in Europe and the United States respectively [1] . The disposal of tyres has proved to be extremely difficult due to their highly resistant chemical, biological and physical properties. Stockpiles of waste tyres represent a serious fire hazard that can result in the exposure of pollution at high levels to the soil, atmosphere and water [2] .
Fossil fuels in the form of coal, oil and gas currently provide 80% of the global energy demands [3] . Nitrogen oxide emissions (NOx) produced by pulverized coal combustors are a cause of significant environmental harm and contribute to the production of acid rain (HNO3, H2SO4) high ground level ozone (O3) concentrations, and elevated fine particulates [4, 5] .
Increasingly stringent emission (SO2 and NOx) control targets are being imposed in Europe by the Large Combustion Plant Directive (LCPD) (2001/80/EC) for combustion plants greater than 50 MW. The target for NOx emissions has been set for 200 mg/m 3 by 2016. To achieve this target, power stations will be required to implement additional secondary measures (SCR, SNCR, absorption of NOx and flue gas recycle) to complement existing primary measures such as fuel-staging (reburning), Air-staging, Low-NOx burner technology, flue gas recirculation and high temperature NOx reduction [6] .
Emerging novel applications of co-firing technologies using waste tyre rubber under air firing and air staged conditions has the potential to reduce NOx emissions and utilise a waste stream in one process [7] [8] [9] . WTR demonstrates a previously overlooked source of energy for coal fired power plants. WTR is an ideal source of hydrocarbon radicals possessing a low nitrogen content, low chlorine content, and a high calorific value of approximately 38 MJ/kg (Gross) [10] [11] [12] [13] .
Emission of trace elements (toxic heavy metals) from combustion sources is undesirable due to the associated health effects [14] . Combustion of WTR within a coal fired plant may present a challenge due to its respective zinc (Zn) content. Zn in the form of zinc oxide (ZnO) is a catalyst and compounding additive used to aid in the vulcanisation process of tyre manufacture. The ZnO wt% within tyres can range from 2
Slagging mechanism
The melting of inorganic minerals (SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O and K2O) present within coal can form a liquid phase (slag-melt). This slag-melt is responsible for the most severe ash deposition related problems encountered within a boiler. Slagging and fouling of the heat transfer surfaces effectively limits the load of electrical generation [17, 18] . Experimental studies [19] [20] [21] [22] [23] have revealed that slag formation is due initially to the formation of an iron rich layer. It is further mentioned that the iron in coal is predominantly derived from the mineral pyrite (FeS2) [23] . The pyrite (FeS2)present within the mineral matter of coal undergoes thermal decomposition to pyrrhotite (FeS) .The resultant oxidation of the pyrrhotite creates a sticky molten iron sulphide (FeS-FeO/Fe-S-O) [24] .It is the sticky particles that deposit on clean surfaces, as they stick, a dry deposited layer forms (Fe2O3). Build-up of this deposited layer increases the surface temperature and some particles can remain sticky. Impaction of dry particles to this sticky layer is instrumental in slag formation. It is further noted that the dry deposited layer of Fe2O3 can act as a fluxing agent with alumino-silicates forming iron-rich alumino-silicates, having a reduced viscosity and increased adhesion properties (Fig 1) [25] . 
Fouling mechanism
Post combustion problems associated with mineral matter can be as troublesome as slag formation during combustion. Mineral matter in the form of vaporised trace elements typically high in alkali and earth metals (Ca, Na, K, and Mg) are known to condense on the cooler regions of a boiler, mainly the convective heat transfer sections [27] [28] [29] (Fig 2) . These trace elements are known to form vapour phase sulphates that are able to condense onto cooler surfaces. As the deposits increase in thickness, a resultant fused mass with insulating properties increases the surface temperature. This insulation effect leads to the formation of the sticky layer. The build-up of deposits onto the sticky layer can be rapid and occur in the direction of the flue gas flow as non-sticking ash particles adhere to this surface via the mechanism of impaction (Fig 2) Researchers [27] [28] [29] [30] state that potential slagging and fouling problems are due to the operating conditions of coal fired boilers, along with the quantities of mineral matter present within coal. These factors are reported as dictating how the mineral matter behaves during combustion and also post combustion. Fusibility correlations have been developed in order to assess the propensity for possible slagging and fouling that may arise within the combustion zone and post-combustion sections. Table 1 summarises the fusibility correlations widely used for coal and biomass co-firing [30, 31] . 
*Let Fe2O3, CaO, Na2O, K2O and MgO denote basic metal oxides (wt%) and let SiO2 + Al2O3 + TiO2 denote acidic metal oxides (wt%) for EQ-1 to 5. Let Sdaf = percentage of sulphur in dry fuel (EQ-3).
Aim
The aim of this present study is to evaluate the slagging and fouling hazard associated with the pure firing of WTR and the co-firing of South African coal/waste tyre rubber fuel blends (SAf/WTR), in comparison to that of a suite of pure fired bituminous coals, biomass and co-fired coal/biomass fuel blends. A further characterisation as to the fate of ZnO inherent within WTR, during the pure firing of WTR and the co-firing of SAf/WTR was further performed experimentally and compared to a theoretical zinc mass balance.
Experimental

80 kWth Combustion test facility (CTF)
Co-firing tests using a South African bituminous coal (SAf) and pulverised waste tyre rubber (WTR) were performed in a down-fired combustion test facility (CTF) operating at approximately 80 kWth ( Figure 3 ). The overall length of the CTF is 3.5 meters consisting of square box sections with internal dimensions 350mm x 350mm. Each section is equipped with access ports to accommodate thermocouple and injection installation points. Either pulverised coal or propane (this study) could be used as the primary combustion fuel. Calibrated screw feeders (Rospen Industries Ltd) were used for feeding the primary coal feed. The WTR was supplied by SRC Ltd, UK and Charles Lawrence International (UK) in pre-sieved size ranges. 
Co-firing combustion conditions
e me w e 1 = 1.16 (3% excess O2 in the flue gas) for co-firing experiments of SAf/WTR by controlling the co-firing feed rates of the SAf and WTR. The WTR was metered via a small screw feeder and mixed with the coal flow on the spreader tray then transported pneumatically to the burner ( Figure 3 ). Flue gas analysis was performed by drawing sample gas through appropriate sample conditioning lines to on-line gas analysis systems for O2 (Servomex, paramagnetic), NOx (Signal, Chemiluminescence) and CO2 and CO (ADC, NDIR). SO2 (Signal) sampling was through heated sample lines (180 0 C), coalescing filters and driers to avoid SO2 losses. Data from the analysers and thermocouples were collected by a data-logging system (Iotech Multiscan) and stored on a PC for post-run processing and analysis. Ash particles were collected by cyclone in the flue of the combustor. The secondary fuel feed systems used for the coal and the pulverised tyre, were calibrated prior to the test runs and had a variation of approximately ±7 % of the feed setting. This equates to an uncertainty in the thermal fraction of waste tyre fed (FF) ranging from ±0.1 to 1.2 %.
Fuel and Ash analysis
The SAf and WTR tyre analysis of CHNS and O as summarised in Table 2 has been calculated on a dry ash free basis (daf) derived from as received (ar) values.
The resultant ash produced from the pure firing of SAf and WTR along with co-firing combustion tests was captured via a cyclone trap situated upstream of the flue gas stack. Replicate samples of fly ash representative of the varying combustion conditions were collected periodically through the entire test programme. Once the CTF had sufficiently cooled ash deposited on the surfaces of the lower sections and water cooled sections was collected. The composition of the mineral matter (metal oxides) for the ashes was determined by a Spectro X-Lab 2000 energy dispersive X-ray fluorescence (XRF) and a Varian 710-ES series inductively coupled plasma-optical emission spectrometery (ICP-OES).
The ash samples generated from the pure firing of SAf, WTR and co-fired SAf/WTR fuel blends were analysed using Scanning Electron Microscopy (SEM). The system used was a Cambridge Scanning Co. Camscan Series III SEM with full computer based data handling and imaging. Particle sizing was also performed using a Malvern Mastersizer 2000 on the ashes produced from the pure firing of SAf, WTR and co-fired SAf/WTR fuel blends 4.1% FF, 14.1% FF and 19.7% FF.
Primary air Coal/Propane Burner Exhaust
Gas sampling
Square sections
Vibrating Tray
Mixed fuel blend ( ) transported to the Burner The particle size distribution for pure fired SAf, WTR and co-fired SAf/WTR ashes was measured by a Malvern Mastersizer 2000. 
Mass balance
A mass balance based on the theoretical content (wt%) of ZnO within the pure fired SAf , WTR and the cofired SAf/WTR fuel blends was determined and compared to the measured values of ZnO wt%. In order to validate the mass balance methodology employed, a comparison between theoretical and measured values for SiO2 wt% was performed. SiO2 is a significant mineral constituent of coal and tyre ash [15, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The experimental uncertainty between the theoretical mass balance and measured values ranges from ± 1.2 % to 9.8% (Table 3 ). The experimental uncertainty of ± 1.2 % to 9.8% between the theoretical and measured values of SiO2 is within an acceptable range, further validating the mass balance methodology employed to determine the theoretical wt% of ZnO.
Results and discussions 3.1 Comparison of predicted ash deposition behaviour between a suite of coals, biomass, WTR and cofired SAf/WTR fuel blends.
A comparison of the ash deposition behaviour for SAf coal used in this present study was compared to historical co-combustion studies using an Upper Silesian bituminous coal (USi) [31] , Canadian high sulphur bituminous coal (CAn) [32] and a German bituminous coal (GEr) [33] (Table 3) . A low slagging potential according to the B/A (EQ-1) and Babcock slagging (Rs) (EQ-2) index is predicted for the SAf and GEr coals (Table 3 ). In comparison the CAn and USi coals provide a medium to high risk of slagging (B/A,Rs). It is noted that the Rs index incorporates the percentage of sulphur in dry fuel. Sulphur in the form of FeS2 can alter the oxidation state of iron having a direct impact on slagging behaviour [20] . Oxidation of the initial sticky pyrite intermediates (FeS-FeO) to Fe3O4 and Fe2O3 act as a fluxing agent for highly viscous glassy phase alumino-silicates. This lowers the viscosity and temperature at which a significantly less viscous slag melt is formed. It is further noted that compositions of Fe2O3> 10 wt% increase the slagging risk as the ash viscosities can be lowered significantly [25, 34] . This would explain why the GEr, CAn and USi coals all exhibit medium and high slagging potentials, characterised by their respective ash viscosities (SR, EQ-3). Their respective contents of Fe2O3 are 10.1 wt%, 36 wt% and 12.2 wt% all >SAf (3.7 wt%) coal (Table 4) . Table 4 Pure fired fuel ashes represented by their respective mineral matter as major metal oxides (ash oxide analysis MexOy in wt%), sulphur content on a dry ash free basis (daf%) and predicted slagging and fouling behaviour based on fusibility indices ( The Na2O content (0.1%) within the SAf is low therefore leading to a low fouling propensity, as predicted by the fouling factor, F (EQ-4). The GEr, CAn and USi coals exhibit a similar Na2O content to the SAf, however GEr, CAn and USi indicate a medium fouling factor as there B/A ratios are predicting a medium slagging potential. The fouling factor, Fu (EQ-5) differs from the fouling factor, F (EQ-4) as it takes into account the sum of the K2O and Na2O content. Earlier research has demonstrated that K2O can lower ash fusion temperatures [35] at which initial deformation and softening occurs. Therefore, as a result the fouling propensity for the GEr, CAn and USi increase from a medium fouling risk (EQ-4) to a high fouling hazard (EQ-5). This further demonstrates the impact K2O could have during operation of a PF boiler. In contrast the mineral matter representing WTR ash is composed heavily of acidic oxides. Consequently the slagging and fouling inclinations are all calculated to be low, further suggesting that safe operation of a PF furnace could be maintained by the introduction of tyres as a secondary fuel (Table 4) .
The potential slagging hazard as indicated by the B/A, Rs and SR indices (Table 1) for co-fired SAf/WTR ashes is observed to be low. The co-fired SAf/WTR fuel blends appear to carry a similar hazard for slagging to that of pure fired SAf, and GEr coal ( Table 3 and Table 4 ). Further, the co-fired SAf/WTR fuel blends show a more favourable ash deposition behaviour to CAn and USi coal (Table 3 ). This is due to the CAn and the USi coals having their respective basic oxides in a higher ratio to their acidic oxides ( Table 3 ). The Fe2O3 content in combination with the sulphur emanating from the Canadian high sulphur bituminous coal is thought to be the mineral responsible for the creation of a potentially low viscous slag melt ( Table  3 ). The SAf/WTR ash blends at 4.1%, 14.1% and 19.7% show significantly lower levels of Fe2O3 (3.74 wt%, 3.95 wt% and 4.03 wt%). This is resultant upon both the WTR and the SAf ashes containing lower levels of ferric oxide at 2.3 wt% and 3.7 wt% respectively. The fouling hazard F and Fu (EQ-4 and EQ-5) for the cofired SAf/WTR blends is low as the Na2O and K2O are present in low quantities (Table 5) .
A variety of biomass fuels investigated previously such as wood=WD, straw=ST, sewage sludge=SS and bone meal=BM [31] along with wood=WD [32] and Straw=ST [33] as co-firing fuels present unfavourable ash deposition behaviour when compared to WTR (Table 3 ) and co-fired SAf/WTR (Table  4 ). The mineral matter of WTR and ash blends of SAf/WTR are heavily composed of acidic oxides therefore the inclination of slagging and fouling is presented as being low, further suggesting that safe operation of a PF furnace could be maintained by the introduction of waste tyres as a secondary fuel. Based on the composition of the mineral matter for WD [32] and ST [33] the slagging potential is low but the fouling factor, Fu is seen to be high, this is to be expected as the K2O content of the WD and ST is the highest of all the basic oxides. WD [31] displays severe slagging and fouling as CaO (56.7 wt%) an established fluxing agent of alumino-silicates, suggesting a higher proportion of sticky particles adhering to furnace water walls especially as the Al2O3 and SiO2 are present in low levels [25] . The high content of CaO further suggests a higher proportion of the fouling deposits being composed of sticky calcium sulphate salt (CaSO4). ST [31] provides an almost even ratio of basic oxides (48 wt%) to acidic oxides (50.5 wt%), therefore a medium slagging inclination (B/A and RS ) is observed due to there being no sulphur present in the straw that could influence the oxidation state of the ferric matter [20] . The ash viscosity is high suggesting a low yield of sticky particles associated with low viscosity slag melts. The predicted fouling factor is low as the Na2O content is also low. The fouling factor Fu presents a contrasting prediction attributed to the high levels of K2O. This mineral happens to be the most abundant of the basic oxides present in straw. Therefore straw presents a low risk of in furnace slag deposition but potential for significant fouling of post combustion surfaces according to the Fu index. SS [31] shows a higher ratio of basic oxides (48.4 wt%) to acidic oxides (32.3 wt%) and presents a medium to high risk for slagging due to its low viscosity (SR) index, followed by a high to severe fouling as Na2O is seen to be sufficiently concentrated within the ash. BM [31] reveals a severe slagging (B/A, RS and SR) and fouling (F, Fu)risk as the basic oxides are shown to be an order of magnitude 4 times greater to that of the acidic oxides (phosphorous pentoxide (P2O5) = 70 wt%). P2O5 has been experimentally observed to lower the temperatures at which hemispherical deformation takes place [31] . Table 5 Co-fired ashes represented by their respective mineral matter as major metal oxides (ash oxides analysis MexOy in wt%), sulphur content on a dry ash free basis (daf%) and predicted slagging and fouling behaviour based on fusibility indices ( *Other = MexOy that are not included in the fusibility correlations but were identified as part of the mineral matter matrix by x-ray fluorescence (XRF) and inductively coupled plasma optical emission spectrometry (ICP-OES). They are included as being Ga2O3, Se, Br, Rb2O, SrO, Y2O3, ZrO2, Nb2O5, BaO, PbO, ThO2, V2O5, Cr2O3, MnO.
3.2 Predicted slagging and fouling deposition behaviour for co-fired SAf/WTR ashes in comparison to cofired coal/biomass ashes.
The co-fired SAf/WTR ashes resultant from the fuel blends 4.1%, 14.1% and 19.7% are presented in Table  4 . It is observed that the ratio of basic to acidic oxides for the co-fired SAf/WTR ashes are similar in comparison to SAf ash (pure fired SAf) ( (Table 4) . Based on the fusibility correlations detailed in Table 1 , co-fired SAf/WTR fuel blend ashes seem to pose no more of a slagging or fouling hazard than the pure firing of SAf coal.
In the co-fired GEr/ST study [33] a similarly low slagging probability to co-fired SAf/WTR is shown along with a low fouling potential, F. However a high fouling factor, Fu is predicted as the K2O content is significantly high. This further suggests that sufficient dilution of the K2O that is significantly inherent within the straw is not occurring when co-firing takes place with GEr coal. The K2O content in SAf/WTR ashes is significantly lower in comparison (Table 5 ).
Co-firing SAf/WTR further shows a more favourable ash deposition behaviour compared to co-fired CAn/WD [32] which ranges from severe to medium (Table 5 ). The ferric oxide in combination with the sulphur emanating mainly from the Can coal as opposed to the WD is thought to be the mineral responsible for the creation of a potentially low viscous slag melt (Table 3and Table 4 ). In contrast SAf/WTR ashes from the fuel blends of 4.1%, 14.1% and 19.7% showed significantly lower levels of ferric oxide (3.74 wt%, 3.95 wt% and 4.03 wt% respectively). This is resultant upon both the pure WTR and the pure SAf ashes containing inherently low levels of ferric oxide at (2.3 wt% and 3.7 wt% respectively). The fouling hazard, Fu for the co-fired CAn/WD is due to the high inherent K2O within the WD [31] .
The ashes emanating from the previous co-fired study of USi/ST and USi/BM FF (2%, 5%, 10% and 20%) [31] exhibit a low slagging hazard, much like SAf/WTR ashes derived from the co-fired fuel fractions of 4.1%, 14.1% and 19.7%. This may be due in part to the basic oxides being in a much lower ratio to the acidic oxides (Table 4) . The USi/SS [31] does deviate from this trend as the ferric oxide is seen to increase with higher fuel fractions and so predicting a medium to high slag melt corresponding to ashes with significantly less viscous properties (Table 5) .
Therefore the SAf/WTR ashes present a low risk of slag formation much like some of the co-fired biomasses investigated [31] [32] [33] . The same cannot be said for the fouling risk of the co-fired biomasses [31] [32] [33] . A high fouling hazard according to the Fu (EQ-5) is likely, as K2O for the biomasses ranges from 1.4 wt% to 26.1 wt %. The behaviour of the ash blends for co-fired SAf/WTR in comparison to the co-fired biomass studies indicates a far lower fouling hazard based on the Fu index ( Table 6 ). The SAf/WTR ashes were collected by a cyclone trap located above the second cooling section of the CTF exhaust flue. The expected ZnO wt% within the ashes according to a predicted ZnO mass balance should be~2.19 wt%, ~4.83 wt% and ~6.28 wt% for the SAf/WTR fuel blends of 4.1%, 14.1% and 19.7% respectively (Table 6 , Appendix).The difference between the actual and predicted ZnO wt% are in the following orders of magnitude 7.5, 7.8 and 8.5 respectively. Tyres typically contain between 2 wt% to 2.5 wt% [15] , hence the corresponding ZnO wt% within the tyre ash alone should equate between~20 wt% to ~25 wt%, under normal ashing techniques employed. The XRF analysis of the raw WTR ashed within a temperature controlled furnace measured 19.6 wt% ZnO (Table 5 ). In contrast XRF/ICP-OES analysis of the pure fired tyre ash generated within the CTF revealed a ZnO wt% of 8.8. This is significantly lower than that measured in the raw tyre ash (19.6 wt%) approximating to a loss of 55% in the ZnO wt%. It is anticipated that dilution of the ZnO would occur due to the mixing of the WTR and the low levels of ZnO present in the SAf coal (Table 6) , however it was not expected that dilution would be so significant. Furthermore it was not at all thought that less than half the ZnO wt% would be retained within the pure fired WTR ash residue collected from the CTF cyclone. Table 6 mass balance detailing the theoretical content compared to the measured content for raw WTR and the SAf/WTR ash generated from co-fired fuel blends , and respectively. *Note: The measured values ( ) for the SAf/WTR ash blends , and pure fired WTR Saf/WTR were determined by x-ray fluorescence (XRF) and inductively coupled plasma-optical emission spectroscopy (ICP-OES). Refer to the Appendix for details of the mass balance determination. The low levels of ZnO observed within the SAf/WTR ashes suggest that the Zn could be condensing out of the vapour phase onto cooler post combustion surfaces within the exhaust flue. Previous authors have noted that Zn undergoes chemical transformations within a PF boiler [36] . Transformation of most trace e eme empe e depe d 0 C (1500 K) Zn is in a volatile gaseous state within the PF furnace [36] . Temperatures between 977-767 0 C (1250 -1040 K) downstream of the burner Zn is in a crystalline form (ZnO). As the ZnO enters the exhaust flue gases at 372 0 C (645 K), a crystalline oxide compound ZnO · 2ZnSO4 can result. The non-hydrated form of zinc sulphate (ZnSO4) is suggested to be stable between 372 -177 0 C (645-450 K), temperatures below 177 0 C (450 K) Zn forms a crystalline hydrated zinc sulphate (ZnSO4H2O). RQ-1 to RQ-3 summarise the higher combustion and lower postcombustion temperatures within a PF boiler [36] .
(cr) = crystalline, (g) = gas XRF/ICP-OES analysis of deposits taken from the water cooled sections of the CTF revealed low levels of Zn (1.0 wt% and 0.72 wt%). This suggests that Zn in the form ZnO . 2ZnSO4, ZnSO4 and ZnSO4H2O is not condensing on to the cooler surfaces within the exhaust flue in any significant concentration, as had been noted by [36] . It is therefore then suggested that the Zn is remaining in the flue gas and by-passing the water cooled sections and cyclone trap of the CTF. Researchers [37] [38] [39] [40] [41] mention trace elements that are subject to vaporisation within a PF furnace such as Zn maybe enriched within submicron particles (Fig 4) . Enrichment occurs via a condensing mechanism whereby volatile species undergo heterogeneous condensation and heterogeneous nucleation. This leads to coagulation concentrated trace elements as submicron particulate matter forming an aerosol (<0.1 µm). Partitioning behaviour of trace elements can be classified into 3 broad groups (Fig 5) [42, 43] . Group 1 elements concentrate within the bottom ash and ash in equal parts. Group 2 elements of which Zn is present have been characterised as volatilising in furnace, condensing downstream within the ash or undergoing further enrichment within lower size factions of submicron particulate matter (aerosol, <0.1 µm) [37, 42, 44 and 45] . Group 2 elements are not considered to factor significantly in the bottom ash. Group 3 represents elements that remain in the vapour phase during combustion and post combustion. It is therefore suggested that the Zn from the pure fired WTR and co-fired SAf/WTR fuel blends (4.1%, 14.1% and 19.7%) forms a submicron aerosol as opposed to enrichment within the course residues that make up the ash or sulphate enriched deposits suggested by previous researchers [36-41, 46 and 47] . In this aerosol phase the smaller Zn particle size and mass would by-pass the cyclone trap of the CTF. This would explain why Zn is not being enriched in the fly ash from the CTF cyclone trap as demonstrated by the XRF analysis (Table 6 ). Group 2 elements may either enrich sufficiently as fly ash particulate matter (<1-20 µm) or condense on the surfaces of yet finer submicron particles (<0.1 µm) [37] . The particle size distribution for pure fired SAf, WTR and co-fired SAf/WTR ashes as measured by the particle size analyser (Malvern Mastersizer 2000) range from ~1 µm to ~20 µm for the pure fired SAf, WTR and co-fired SAf/WTR ashes. This is supported by the SEM images of the pure fired SAf, WTR and cofired SAf/WTR ashes (Fig 6A-D) , which provide a scale of the particle images captured (~1 µm to ~30 µm). Therefore presenting further evidence to suggest that the Zn is bypassing the cyclone trap via the suggested sub-micron aerosol phase. The SEM images of the pure fired SAf, WTR and co-fired SAf/WTR (14.1% FF) reveal a range of dense and porous ash particles as shown by Fig 6A-D .
ZnO is not a component that is typically associated with coal ashes, from which the fusibility correlations (Table 1) have been derived. However previous studies [49, 50] have shown the desulphurisation potential of ZnO in removal of hydrogen sulphide (H2S) from industrial processes (natural gas processing, petroleum refining, petrochemical plants, coke ovens and coal gasifiers). The use of ZnO in the removal of H2S demonstrates its basic properties, as presented below by RQ-4 [50] .
RQ-4 cr = crystalline, g = gas, and aq = aqueous solution Therefore, it is reasonable to suggest that ZnO would enter the numerator of the modified version of the B/A ratio (EQ-1), as demonstrated below:
Fe
It is predicted that ZnO will not contribute to in-furnace slagging, due to ZnO volatilising to form a Zn vapour (>1200 0 C) equivalent to position 1 (Fig 7) . Zn vapour is likely to be entrained with the flue gas through the combustion chamber. Therefore the Zn is not subjected to partial melting to form slag (SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, TiO2 and K2O) within the furnace or concentrate significantly within bottom ash. This is further supported by the experimental evidence of the present study and historical literature [36-41, 46 and 47] . ZnO is also perceived to be a low fouling risk as experimental XRF/ICP-OES analysis detected insignificant levels of ZnO within the fly ash and deposits collected from the cooled post combustion surfaces of the CTF equivalent to position 2 (Fig 7) . If Zn is remaining in a suspended aerosol form it is further suggested that capture by the ash filtration system (Fig 7, position 5 ) and flue gas scrubbing unit (Fig 7, position 6 ). The temperatures at position 5 and 6 are sufficiently low for the vapour phase Zn to reform as crystalline ZnO ZnSO4 (RQ-3). The technologies denoted by position 5 and 6 ( Fig  7) have effectively demonstrated high efficiencies of trace metal removal from flue gases emanating from PF furnaces [41, 47] . 
Conclusions
In this study a range of pure fired bituminous coal ashes, biomass ash, pure fired WTR ash and co-fired SAf/WTR fuel blends were characterised in accordance to their respective mineral matter (metal oxides) constituents. An assessment of the deposition behaviour for slagging and fouling was calculated by use of fusibility correlations.
Ash derived from the pure firing of WTR and co-fired SAf/WTR fuel blends showed minimal risk of slagging and fouling in accordance to the fusibility correlations employed. The Zn in the form of ZnO present within WTR ash was observed to be significant, however the ashes collected from the 80 kWth CTF showed lower levels of Zn than anticipated for pure fired WTR and the co-fired SAf/WTR fuel blends. It was experimentally observed that Zn enrichment was not significant within the fly ash collected by the cyclone trap or deposits on the cooler post-combustion sections of the CTF. This suggests that the Zn may well be forming a submicron aerosol, based on the behaviour of trace metals within a furnace. It is suggested that ZnO will not contribute to in-furnace slagging, due to ZnO volatilising to Zn forming a vapour aerosol able to pass through the combustion chamber. ZnO is also perceived to be a low fouling risk as insignificant levels were detected within the fly ash and deposits collected from the cooled post combustion surfaces of the CTF. Based on the fusibility correlations it is believed that the introduction of WTR as a secondary fuel will not alter the deposition behaviour of the ash presenting a low risk of slagging and fouling within coal fired power plants. This study has identified that further experimental work is required in order characterise the physicochemical properties of ZnO. Nonetheless this initial investigation of WTR ash and co-fired SAf/WTR ash is a direct response in addressing the potential use of WTR as a secondary fuel within coal fired boilers.
Let denote the mass flow rate (kg/hr) of SAf, FF the thermal input of the SAf, the thermal rating (80 kW) of the CTF and the gross calorific value (MJ/kg) of SAf coal.
The secondary fuel mass flow rate (kg/hr) as denoted by for any given FF thermal input of WTR was calculating in the exact same way as EQ-1.0, where in EQ-1 was substituted by representing the gross calorific value (MJ/kg) of WTR.
Therefore the total mass flow rate (kg/hr) for any SAf/WTR fuel blend ) is calculated as follows.
=
The mass flow rate (kg/hr) of the ash blend is determined by knowing the respective mass flow rates of the SAf and WTR (EQ-1 to EQ-2). The represents the respective ash contents of SAf and WTR (Table 2 ).
The mass fraction of the ash blend (EQ-4) with respect to any given SAf/WTR fuel blend (EQ-3) yields the percentage ash blend as presented by EQ-5.
Therefore the mass flow rate (kg/hr) of zinc oxide (ZnO) for any given fuel blend is denoted as and is determined by knowing the total mass flow rate (kg/hr) ) for any SAf/WTR fuel blend (EQ-1 to EQ-3). The w represents the wt% of zinc oxide within the SAf and WTR (Table 2 ). = Therefore the theoretical wt% fraction that ZnO represents for any SAf/WTR fuel blend is further presented by EQ-7, and is denoted by . Let denote the mass flow rate (kg/hr) of ZnO for any SAf/WTR fuel blend (EQ-6) and the total mass flow rate (kg/hr) for any SAf/WTR fuel blend (EQ-3).
Thus the theoretical ZnO wt% that is concentrated within the ash SAf/WTR blend can be determined and is presented by EQ-8. Let denote the fraction of ZnO for any SAf/WTR fuel blend (EQ-7) and as the percentage ash blend (EQ-5).
